We address the ferromagnetic tendencies detrimental for superconductivity that are introduced in 122 and 1111 Fe-based superconductors when the group V ligands (As, P) are substituted with elements of the IV group (Ge, Si), and how they can instead be restrained by substitutions of the ions in the spacer layers (e.g. Ca → Y and O → H). Intermediate compounds in which only one of these two different substitutions is realized are studied within density functional theory. We thus single out the control of spacer ions as a way to promote superconductivity in these materials, and we also suggest that superconductivity in YFe2Ge2 might be enhanced under pressure since the ferromagnetic tendencies are then suppressed.
Iron-based materials provide the latest platform for high-temperature unconventional superconductivity [1] . In these superconductors, the Fe atom is invariably associated to pnictogen (As, P) or chalcogen (Se, Te, S) elements and, in practice, the most interesting superconducting properties are always obtained with either As or Se [2] . The origin of this "chemical" limitation regarding alternative compounds remains unclear and attracts a research attention that is crucial for further advancing the field.
Recently, this circumstance has been linked to the emergence of detrimental ferromagnetism as one goes from As/Se to the left in the periodic table [3] (see also [4] ). However, there are two notable exceptions to this rule. Namely, the 122 germanide YFe 2 Ge 2 with superconducting transition temperature T c 1.8 K [5] , and the novel 1111 silicide hydride LaFeSiH displaying the second highest T c 11 K among the 1111 parent compounds [6] . In this paper, we examine how these intriguing Fe-based superconducting variants manage to run away from ferromagnetism. Specifically, we perform density functional theory (DFT) calculations and compare the resulting electronic structure and magnetic states with their closest pnictide counterparts. In doing so, we split the overall compositional change in two separate steps: changes in the ligands and changes in the spacer ions. This clarifies the competition between different magnetic instabilities, and enables the identification of fundamental design rules for the suppression of the ferromagnetic one that is indispensable to promote superconductivity in novel Fe-based materials.
In the case of YFe 2 Ge 2 , the system can be seen as an hole-doped version CaFe 2 As 2 in its collapsed tetragonal phase [5] where the tendency towards ferromagnetism is due to a Stoner instability [3, 7, 8] . We exploit this connection and consider the intermediate compound CaFe 2 Ge 2 , reported for the first time in its pure parent phase in [9] . This novel compound interpolates the two previous 122 superconductors as illustrated in the upper path in Fig.1(a) , and is expected to be an even more hole-doped version of the reference CaFe 2 As 2 compound, with a nominal valence in the iron atom of Fe 3+ . In addition, we also consider the alternative interpolation via the hypothetical compound YFe 2 As 2 [lower path in Fig.1(a) ]. In this case, the intermediate compound represents an electron-doped version of the initial Ca pnictide since the nominal oxidation of the iron is reduced from Fe 2+ to Fe 1.5+ . These intermediate changes are underand overcompensated respectively in the superconducting germanide, where the nominal oxidation of the iron becomes Fe 2.5+ (as compared to Fe 2+ for the initial Ca pnictide). In the case of the LaFeSiH superconductor we follow the same strategy and consider its interpolation to the reference LaFeAsO compound via the intermediate hypothetical 1111 material LaFeSiO [ Fig. 1(b) ]. In this case, we have Fe 2+ in both LaFeAsO and LaFeSiH and hence the intermediate hole-doping is perfectly compensated instead (see Fig 1) . The trends that emerge from the electronic and magnetic properties computed for these systems clearly show that, albeit the compounds with Ge/Si as ligands have a higher tendency to ferromagnetism compared to their pnictide counterparts, this tendency can be counteracted by the spacer ions which then allow superconductivity to emerge again.
METHODS
Our DFT calculations are performed in the generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof [10] phases and tend to decrease with increasing magnetic polarization [12] which, in a first approximation, makes it possible a DFT approach. This allows, in particular, a qualitative discussion on the magnetic tendencies and on the competition between different possible instabilities (see e.g. [3, 13] ), as we do in this work. For a more quantitative discussion, however, an approach including the local many-body physics like dynamical mean-field theory should be used [14] .
In our calculations, we use the lattice parameters and atomic positions reported in Ref. [15] for CaFe 2 As 2 , which correspond to its tetragonal collapsed phase. For the novel germanide CaFe 2 Ge 2 we use the lattice parameters and atomic positions measured experimentally (Table I), while for YFe 2 Ge 2 and the imaginary compound YFe 2 As 2 we use the parameters reported in Ref. [16] .
For the magnetic calculations we have selected muffintin radii of R Y,Ca mt = 2.50 a.u. and R Fe,Ge,As mt = 2.20 a.u., and the same number of planewaves, which in WIEN2k is set by the cutoff R mt · K max = 9.0. We have used 3 different magnetic supercells in order to accomodate all the possible magnetic structures and we have converged a k-mesh for each of them. However, this introduces an error when comparing the energies of the different magnetic structures due to the finiteness of this k-mesh. We have estimated this error to be 6 meV.
We have considered the most relevant magnetic orders Fe-based superconductors, namely, the ferromagnetic (FM) order, an A-type order with FM Fe planes stacked antiferromagnetically along the c-axis, a singlestripe order with an in-plane arrangement that is FM along one direction and antiferromagnetic perpendicular to it, a double-stripe order with two lines of FM Fe moments that alternate antiferromagnetically in plane, and a checkerboard order with antiferromagnetic nearest Fe in plane.
For the study of YFe 2 Ge 2 under pressure we have done structure optimizations for several values of pressure us- ing VASP [17] and the PAW pseudopotentials [18] . In these calculations we used a 400 eV plane-wave cutoff, a 15 × 15 × 15 Monkhorst-Pack k-points mesh [19] , and a Gaussian smering of 0.1 eV. Y-4s and Fe-3p orbitals were explicitly included in the valence. The theoretical equilibrium structure was then used in WIEN2k for spinpolarized calculations with ferromagnetic, single-, and double-stripe antiferromagnetic orders that we compare with the non-spin-polarized solution. In all these calculations we have used R Y mt = 2.50 a.u., R Fe mt = 2.02 a.u. and R Ge mt = 1.79, R mt · K max = 9.0 and the same converged k-mesh for each of the magnetic configurations.
RESULTS

YFe2Ge2 and related compounds
We start by analyzing the relation between YFe 2 Ge 2 and CaFe 2 As 2 via the new compound CaFe 2 Ge 2 . This new 122 germanide crystalizes in the same tetragonal structure (space group I4/mmm) with the structural parameters summarized in Table I . In particular, its lattice parameters perfectly match the direct extrapolation of the previous values obtained for the CaMn 2−x Fe x Ge 2 series (x ≤ 1.9) [20] , and they are very similar to those reported in YFe 2 Ge 2 [16] and in the collapsed tetragonal phase of CaFe 2 As 2 [15] .
First, we computed the non-magnetic electronic structure of these compounds. The resulting band structure, density of states (DOS), and Fermi surface are summarized in Fig. 2 [3, 7] . To confirm whether this is the case, we then performed spin-polarized calculations for the ferromagnetic (FM) state and other relevant magnetic orders. The resulting energies and moments are summarized in Table II . As we can see, the new germanide CaFe 2 Ge 2 displays different local magnetic minima among which we do find a FM one. In fact, the FM solution is obtained as the magnetic ground state in this system. This result is confirmed experimentally in [9] . Thus we see that the substitution of As with Ge turns the striped antiferromagnetic CaFe 2 As 2 into the ferromagnetic CaFe 2 Ge 2 , as expected from the previous DOS analysis, and in line with the arguments outlined in Ref. [3] The further substitution of Ca with Y reduces again the DOS at the Fermi level, which consequently reduces the FM tendency and favors its competition with other magnetic metastable orders [7, 8] . The end result is the non-magnetic YFe 2 Ge 2 , where superconductivity is possible again.
We can further check this insight by following the opposite order of chemical substitutions. That is, by changing first the spacer ions. Thus, we consider the intermediate imaginary compound YFe 2 As 2 . Fig. 2c illustrates the electronic structure of this system obtained from nonspin-polarized calculations. The system is effectively an electron-doped version of CaFe 2 As 2 in which the DOS at the Fermi level is now considerably suppressed down to the value 2.7 eV −1 . This suppression is expected to weaken the FM instability. In fact, the result of our spinpolarized calculations yields a non-magnetic ground state (see Table II ). Remarkably, among the considered solutions, only the FM and A-AFM (metastable) solutions are still realized in this case.
This exercise confirms that the FM tendencies are inherently associated to the As → Ge (hole-doping) substitution in the 122 compounds, and that instead the substitution Ca → Y (electron-doping) seems to have the opposite effect of suppressing them.
YFe2Ge2 under pressure
The application of pressure is known to be effective in promoting superconductivity in the Fe-based superconductors, which is generally signaled by suppression of the competing magnetic phases. Thus, we have also performed a series of calculations for YFe 2 Ge 2 under hydrostatic pressure. The main results are summarized in Fig. 3 . Negative pressure produces an overall enhancement of the magnetic instabilities that promotes the ferromagnetic order as the ground state solution in very close proximity to the single-and double-stripe antiferromagnetic orders. The application of positive hydrostatic pressure, on the contrary, produces the suppression of these magnetic instabilities. This is clearly seen in Fig. 3 , where energy difference between the paramagnetic and the magnetic states tends to zero by increasing the pressure and then is reversed up ∼ 60 GPa where the corresponding magnetic moments per Fe atom drop to zero. This confirms the vicinity of this system to a quantum critical point [7] , for which pressure is an effective control parameter enabling the general suppression of magnetism (not only the FM state). Thus one can speculate that, by tuning the distance to that special point using the external pressure, one can in principle enhance superconductivity in YFe 2 Ge 2 .
LaFeSiH and related compounds
In the case of LaFeSiH we note that the system admits a FM solution even if the ground-state corresponds to the single-stripe one (see Table III ). This is in contrast to the reference arsenide LaFeAsO, in which the FM solution is absent [21] . As in the previous section, in order to understand the FM tendency in the new 1111 silicide we consider the intermediate imaginary compound LaFeSiO in which only the As is replaced by the Si. That is, we follow the sequence of substitutions outlined in Fig. 1(b) .
From the charge point of view, the As → Si substitution increases the nominal oxidation of the iron from Fe 2+ to Fe 3+ and therefore can be regarded as hole doping. In fact, as we can see in Fig. 4 , this substitution produces a rigid shift upwards of the band structure and DOS with respect to the Fermi level. This shift, however, is quite substantial and drastically modifies the topology of the Fermi surface (see Fig. 4 ). Consequently, the complete As → Si substitution ends up into a hole over-doping that not only introduces a strong FM tendency, but also even changes the nature of the magnetic ground state from single-stripe to checkerboard antiferromagnetism as shown in Table III . We note, however, that the interpretation of the FM solution as due to a Stoner instability is now less obvious since the DOS at the Fermi energy remains essentially the same. In any case, the initial electronic and magnetic features that are propitious for superconductivity are thus washed out in the case of the LaFeSiO intermediate compound.
Farther on, the superconducting LaFeSiH compound implies the additional substitution of O for H. Again, from the charge point of view, this substitution changes the nominal oxidation of the iron, which now goes from Fe 3+ back to Fe 2+ . We then have an electron doping that tends to compensate the hole doping introduced by the Si. In fact, the electronic band structure is shifted back and, importantly, recovers the main features of the initial LaFeAsO (at the expense of displaying the additional La features closer to the Fermi level). In particular, the topology of the Fermi surface is restored and the magnetic ground state is the single-stripe again [6] . The main conclusion of this analysis is that, analogously to the 122 case, the ions in the spacer layer can be used to restrain the FM tendencies induced by the substituted ligands (Si for As). Interestingly, the extra cation in the spacer layer of the 1111 structure represents an additional degree of freedom that can be used to this end.
CONCLUSIONS
We have studied theoretically two intermediate compounds that interpolate from CaFe 2 As 2 to YFe 2 Ge 2 , two known Fe-based superconductors of the 122 family. CaFe 2 Ge 2 , where only the ligand of the V group As is substituted by one of the IV group, Ge, is found to be ferromagnet. This can be understood within a Stoner picture as due to the strong enhancement of the DOS at the Fermi level in the paramagnetic phase. In contrast, YFe 2 As 2 where only the cation in the spacer layer is substituted is predicted to be paramagnetic. The final superconductor YFe 2 Ge 2 can thus be seen as collapsed version of CaFe 2 As 2 where strong ferromagnetic tendencies induced by the substitution with Ge are mitigated by that with Y. We have further confirmed the presence of a "latent" quantum critical point in the superconducting germanide and showed that it can be controlled by means of the external pressure. Thus, we speculate that the suppression of the residual FM tendencies associated to that point by the application of pressure can in principle enhance superconductivity in YFe 2 Ge 2 .
Analogously in the 1111 family we have studied the imaginary compound LaFeSiO, viewed as an interpolation between the two known superconductors LaFeAsO and LaFeSiH. Again LaFeSiO has strong FM tendencies (even if they are not as strong as it is needed for having a FM ground state), which are instead nonexistent in LaFeAsO and much more moderate in the LaFeSiH superconductor, thus corroborating the previous analysis.
We have then concretely illustrated how ligands of the IV group consistently enhance the FM tendencies, in line with Ref. [3] , but also how the ions in the spacer layer [6] ). The energy of magnetic ground state is indicated in bold.
can be used to limit them, in order to promote superconductivity in novel Fe-based materials.
